Multiuser Detection for Wireless Communications Systems in the Presence of 

Interference 

[0001] This application claims the benefit of U.S. Provisional Application No. 60/480,703, 
filed 06/23/2003, entitled "Multiuser Detection Algorithms for GSM Systems," which 
application is hereby incorporated herein by reference. 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0002] This application is related to the following co-pending and commonly assigned 
patent application: Serial No. xx/xxxxxx, filed xx/xx/2003, Attorney Docket No. TI-36349, 
entitled "Interferer Detection and Channel Estimation for Wireless Communications Systems." 

TECHNICAL FIELD 

[0003] The present invention relates generally to a system and method for digital wireless 
communications, and more particularly to a system and method for detecting transmissions from 
multiple users in a digital wireless communications system in the presence of interference. 

BACKGROUND 

[0004] Interference is a major source of concern for the designers of wireless 
communications networks. Interference can reduce the overall performance of the 
communications system and if severe enough, cause the communications system to fail 
altogether. Interference can come from other electrical and electronic devices operating in the 
general vicinity and from other devices in the same communications network that are 
transmitting in the same (or adjacent) frequency band. 
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[0005] Interference from other devices in the same communications network can become a 
problem as designers of the communication network attempt to increase network capacity. For 
example, one way to increase network capacity is to increase frequency reuse, i.e., allow devices 
that are relatively close to one another to transmit in the same frequency band. In cellular 
communications networks, adjacent cell sites typically do not operate in the same frequency 
bands. However, through cell site sectoring, frequency reuse can be increased, therefore 
increasing network capacity. Unfortunately, when devices, which are close to one another, 
transmit in the same frequency band or in adjacent frequency bands, interference can occur. 
When devices transmit within the same frequency band, co-channel interference can occur, while 
adjacent channel interference can occur if devices transmit in adjacent bands if sufficient inter- 
band spacing is not provided. 

[0006] Additionally, when multiple users are transmitting, the information may become 
mixed together and it may be necessary to extract one (or more) user's information from a 
received signal. For receivers with multiple antennas, linear schemes can be used extract the 
desired information. 

[0007] In a GSM (Global System for Mobile Telephony) wireless communications system, 
for example, information is transmitted in bursts, wherein each burst may consist of two packets 
of data bits with a 26 bit mid-amble in between the two bursts. According to the GSM technical 
standards, one of eight possible training sequence codes (TSC) can be used as the mid-amble. In 
GSM communications systems, attempts to increase system capacity have resulted in increased 
co-channel and adjacent channel interference. A majority of the prior art relies on using at least 
two antennas at the receiver to suppress interference. With a single antenna at the receiver, one 
single antenna interference cancellation (SAIC) technique is to use the joint MLSE receiver. 
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[0008] A disadvantage of the prior art is that the complexity of the receiver can become very 
high, leading to complex and expensive receivers. For example, if the conventional receiver 
requires a 16-state Viterbi demodulator, then a joint MLSE (which suppresses a single interferer) 
could require 256 states. 

[0009] Another disadvantage of the prior art is that the use of linear schemes for multiuser 
detection can preclude the use of single antenna receivers. This can effectively eliminate a large 
number of receivers in use today from implementing such schemes. 
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SUMMARY OF THE INVENTION 

[0010] These and other problems are generally solved or circumvented, and technical 
advantages are generally achieved, by preferred embodiments of the present invention which 
provides for a system and method for detecting transmissions from multiple users in the presence 
of interference. 

[0011] In accordance with a preferred embodiment of the present invention, a method for 
extracting information transmitted by a desired user in a communications system from a received 
signal in the presence of interferers comprising derotating the received signal, determining 
channel estimates and detecting the presence of interferers, and extracting information 
transmitted by the desired user from the received signal is provided. 

[0012] In accordance with another preferred embodiment of the present invention, a receiver 
comprising a sampling unit coupled to a signal input, the sampling unit containing circuitry to 
sample a received signal provided by the signal input at a specified sampling rate, a channel 
estimation unit coupled to the sampling unit, the channel estimation unit containing circuitry to 
determine a number of users present in the received signal and to compute channel estimates for 
each user, and a multiuser detection unit coupled to the channel estimation unit, the multiuser 
detection unit containing circuitry to extract information transmitted by a desired user from the 
received signal is provided. 

[0013] An advantage of a preferred embodiment of the present invention is that it is a 
simple, low-complexity method that can exploit the structure of the interference from other 
devices in the communications network to improve the performance of receivers. 
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[0014] A further advantage of a preferred embodiment of the present invention is that a 
preferred embodiment of the present invention can be implemented upon existing receivers. This 
can facilitate a relatively easy implementation of the present invention on existing wireless 
communications networks. 

[0015] Yet another advantage of a preferred embodiment of the present invention is a simple 
non-linear detection algorithm that can be used to facilitate the detection of multiuser 
information in a receiver with a single antenna. Therefore, existing single antenna receivers can 
implement the detection algorithm, making the implementation of the present invention simpler. 

[0016] The foregoing has outlined rather broadly the features and technical advantages of 
the present invention in order that the detailed description of the invention that follows may be 
better understood. Additional features and advantages of the invention will be described 
hereinafter which form the subject of the claims of the invention. It should be appreciated by 
those skilled in the art that the conception and specific embodiment disclosed may be readily 
utilized as a basis for modifying or designing other structures or processes for carrying out the 
same purposes of the present invention. It should also be realized by those skilled in the art that 
such equivalent constructions do not depart from the spirit and scope of the invention as set forth 
in the appended claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] For a more complete understanding of the present invention, and the advantages 
thereof, reference is now made to the following descriptions taken in conjunction with the 
accompanying drawings, in which: 

[0018] Figure 1 is a diagram of a transmission burst in a GSM communications system; 

[0019] Figure 2 is a diagram of a detailed view of a GSM 26-bit training sequence field; 

[0020] Figure 3 is a diagram of transmissions from three GSM devices with no timing 
offset; 

[0021] Figure 4 is a diagram of a portion of a receiver, according to a preferred embodiment 
of the present invention; 

[0022] Figure 5 is a flow diagram of a process for manipulating a signal received by a 
receiver and providing co-channel and adjacent channel interference and multiuser detection 
information and data from the received signal to circuitry and devices coupled to the receiver, 
according to a preferred embodiment of the present invention; 

[0023] Figure 6 is a diagram of a process for detecting interference in a received signal and 
computing channel estimations based upon the detected interference, according to a preferred 
embodiment of the present invention; 

[0024] Figures 7a and 7b are diagrams of multiuser detection schemes, according to a 
preferred embodiment of the present invention; 

[0025] Figure 8 is a diagram of a successive multiuser detection circuit, according to a 
preferred embodiment of the present invention; 
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[0026] Figure 9 is a diagram of a parallel multiuser detection circuit, according to a 
preferred embodiment of the present invention; and 

[0027] Figure 10 is a diagram of a comparison of bit-error rate versus carrier-to-interference 
ratio for several multiuser detection schemes, according to a preferred embodiment of the present 
invention. 
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

[0028] The making and using of the presently preferred embodiments are discussed in detail 
below. It should be appreciated, however, that the present invention provides many applicable 
inventive concepts that can be embodied in a wide variety of specific contexts. The specific 
embodiments discussed are merely illustrative of specific ways to make and use the invention, 
and do not limit the scope of the invention. 

[0029] The present invention will be described with respect to preferred embodiments in a 
specific context, namely a GSM network operating in synchronous mode. The GSM technical 
standard can be found in a series of technical documents, wherein a general description can be 
found in Document 01.02, entitled "General Description of GSM Public Land Mobile Network 
(PLMN), Revision 6.0.0" published January 2001, which is incorporated herein by reference. 
The invention may also be applied, however, to other synchronous wireless communications 
networks which make use of known training sequences at specific locations within the 
transmission, such as GSM-EDGE (Enhanced Data Rates for GSM Evolution), GPRS (General 
Packet Radio Service), and so on. 

[0030] With reference now to Figure 1, there is shown a diagram illustrating a transmission 

burst 100 in a GSM communications system. Data transmitted in the burst 100 are carried in a 

pair of 57-bit data fields 105. Two 3-bit fields, referred to as tail bit fields 1 10, can be used to 

keep adjacent bursts separate. In many wireless communications systems, transmissions are 

usually preceded with a field located at the beginning of the transmission. This field is 

commonly referred to as a preamble and can be used to carry a specific sequence of bits 

(typically referred to as a training sequence) that can help a receiver detect and decode the 

transmission. Note that while the use of a preamble is common, it is not the only place within a 
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transmission to place a training sequence. For example, in a GSM burst, the training sequence is 
located in the middle of the burst. The burst 100 contains a 26-bit training sequence field 115, 
which may be separated from the pair of 57-bit data fields 105 by a pair of stealing bit fields 120. 
Since the training sequence is not at the beginning of the transmission, it referred to as being a 
mid-amble. Note that the discussion of field specifics (the number of bits in a field, the position 
of a field, and so forth) is used to enable the discussion using a currently available wireless 
communications system. It should be evident that the field specifics should have no impact upon 
the spirit of the present invention. 

[0031] With reference now to Figure 2, there is shown a diagram illustrating a detailed view 
of the GSM 26-bit training sequence field 115. The GSM 26-bit training sequence field 115 can 
be broken up into three smaller fields, a 5-bit cyclic prefix field 205, a 16-bit training sequence 
field 210, and a 5-bit cyclic postfix field 215. According to the GSM technical standards, the 5- 
bit cyclic prefix field 205 contains a copy of the last 5 bits of the 16-bit training sequence field 
210 while the 5 -bit cyclic postfix field 215 contains a copy of the first 5 bits of the 16-bit training 
sequence field 210. According to the GSM technical specifications, there are up to eight (8) 
unique training sequences that may be used in a single GSM communications system. 

[0032] As discussed previously, interference from other devices from within the same 
communications network can come in two forms, co-channel and adjacent channel interference. 
Regardless of the form of interference, the net result may be that the overall performance of the 
source of the interference and receiver of the interference may be degraded since the 
transmissions of both the device causing the interference and the device being interfered with are 
being damaged. Since the number of training sequences is limited (eight in the case of a GSM 
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communications system), it can be possible to use the a priori knowledge of the training 
sequences to improve the channel estimation performance at a receiver. 

[0033] With reference now to Figure 3, there is shown a diagram illustrating the 
transmissions of three GSM devices, wherein there is no timing offset. Each of three sets of axes 
(305, 310, and 315) display a series of GSM bursts from a single device. Note that each device 
uses a different training sequence; TSCO for the transmission displayed on axis 305, TSC2 for 
the transmission displayed on axis 310, and TSC1 for the transmission displayed on axis 315. 
Note that the GSM communications system displayed in Figure 3 is a synchronous system, 
wherein all of the devices transmit at essentially the same time. For example, first GSM bursts 
307, 312, and 317 are all transmitted at the same time, as are second GSM bursts 308, 313, and 
318. Also note that there is no (or less than a single symbol) timing offset between the 
transmissions of the three devices. A vertical line 320 denotes the beginning of the second GSM 
bursts 308, 313, and 318 in all three devices. 

[0034] Note that it may be possible that a timing offset exists between the arrival times of 
transmissions from different devices. A timing offset may exist even if transmissions within a 
wireless communications system are designed to occur at the same time. For example, if a clock 
of a transmitter has drifted away from clocks of other transmitters, then the transmitter with the 
inaccurate clock can begin its transmission at an incorrect time. Alternatively, differences in the 
distance traveled by various transmissions (propagation delay) can also account for a timing 
offset. For example, even if transmissions are initiated at the same time, a transmission that is 
traveling a long distance will arrive later than a transmission that is traveling a short distance. A 
timing offset can vary from nanoseconds to milliseconds. When a timing offset is large, it can 
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sometimes be expressed in terms of symbol intervals (an amount of time equal to the 
transmission of a single symbol). 

[0035] For discussion purposes, a signal model, along with assumptions and notation shall 
be laid out. Note that the signal model presented below is for a GSM communications system. 
However, a comparable signal model can be provided for other types of communications 
systems. A baseband received signal can be sampled at a baud (symbol) rate to facilitate discrete- 
time processing. A Gaussian Minimum Shift Keying (GMSK) modulated signal can be 
accurately approximated using a linear approximation expressible as: 

*(0= |y%C 0 (r-/?r), a p e{±l}, 

wherein Tis a single symbol duration and Co(t) is the GMSK waveform of duration 4T. 

Assuming that there are K co-channel users in the communications system, the baseband 
receive signals can be expressed as: 

'(0 = Z E V A (* - PT) + n(t) , 

r m = 7{mT) = r+'XZO'^)^ +n m , 
k=\ 1=0 

wherein h(t) is the overall channel impulse response including Co(t), h x = h(lT) , and LT is the 

channel delay spread. A derotation with j~ im+l) can be performed on the baseband received 
signal, resulting in a signal that can be expressed as: 

K L _ K L 

r m = j~ (m+i) r m ^XZO^^/Km-/ +" m =II\/Vi +n m • 

k=\ 1=0 k=\ 1=0 

Note that rather than using baud-rate sampling, oversampling (sub-baud-rate sampling) can also 

be performed if needed. 
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[0036] For discussion purposes, let "user 1" be the desired user (the user whose information 
is to be extracted from the received signal) and the remaining (k - 1) users be interfering users. 
Furthermore, without loss of generality, let training sequence 1 (TSC1) be assigned to the desired 
user (user 1). 

[0037] With reference now to Figure 4, there is shown a diagram illustrating a view of a 
portion of a receiver 400, according to a preferred embodiment of the present invention. Figure 4 
provides a high-level view of a portion responsible for interference suppression and multiuser 
detection in the receiver 400. Note that Figure 4 does not show typical parts that may be found in 
a receiver, such as an antenna, radio frequency hardware, decoding hardware, and so forth. A 
received signal, r(t), as received by an antenna (not shown) of the receiver 400 and after filtering 
to remove out-of-band interferers and amplifying to bring signal levels to a compatible level by 
radio frequency hardware (also not shown), may be sampled at baud-rate (or sub-baud-rate) by a 
baud-rate sampling unit 405. After sampling, the sampled received signal can be provided to a 
derotation unit 410, wherein the samples may be derotated by a specified amount, for example, 
by 7" {m+1) . 

[0038] After derotation, the derotated signal, r m , can then be provided to a channel 
estimation unit 415, wherein the presence of information from users in the derotated signal can 

be detected and channel estimations can be computed. The channel estimates, H t , may then be 

provided to a non-linear multiuser detection unit 420 where the information, d i m , from the users 

can be extracted from the derotated signal, r m , and provided to portions of the receiver 400 that 
may be responsible for decoding, error detecting and correcting, and using the information (all 
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are not shown). Details of the operation of the channel estimation unit 415 and the non-linear 
multiuser detection unit 420 will be provided below. 

[0039] With reference now to Figure 5, there is shown a flow diagram illustrating a process 
500 for manipulating a signal received by a receiver and providing co-channel and adjacent 
channel interference and multiuser detection information and data from the received signal to 
circuitry and devices coupled to the receiver, according to a preferred embodiment of the present 
invention. According to a preferred embodiment of the present invention, the process 500 may 
execute on a controller or processor located in the receiver. According to a preferred 
embodiment of the present invention, the process 500 can be used in a receiver operating in a 
synchronous wireless communications system. If the wireless communications system is an 
asynchronous system, then the present invention may not operate properly. In a wireless 
communications system that can operate either synchronously or asynchronously (such as a 
GSM based system), if the wireless communications system has been detected as operating in 
synchronous mode, then the process 500 can be used. However, if the wireless communications 
system has been detected as operating in asynchronous mode, then the process 500 can be turned 
off. A scheme that can rapidly detect the operating mode of a wireless communications system is 
disclosed and discussed in the co-pending and commonly assigned patent application entitled 
"Interferer Detection and Channel Estimation for Wireless Communications Systems." 

[0040] The processor can begin the manipulation of the received signal after it has been 
transmitted over-the-air and detected by an antenna. The received signal may receive analog 
signal processing in the form of filtering (to remove out-of-band interference, for example) and 
amplifying (to bring the received signal to a signal level that is compatible with circuitry in the 
receiver) by radio frequency (RF) circuitry located in the receiver. 
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[0041] Then, the received signal, r(t) y can be sampled at a specified sampling rate (block 
505). If the sampling rate is approximately equal to the symbol rate, then the sampling can be 
referred to as baud-rate sampling. If the sampling rate is higher than the symbol rate, then the 
sampling can be referred to as over sampling, with typical oversampling rates being two-, four-, 
eight-times higher than the symbol rate. After the sampling, the receive signal becomes a discrete 
time signal and can then be derotated (block 510). The derotation can be performed by 
multiplying the discrete time signal (the individual samples of the received signal) by a factor of 

y-(m + l) ^ for example 

[0042] After the derotation, the received signal, now denoted r m , can be processed in order 
to detect the presence of interference from transmissions made by other users within the same 
wireless communications system as the desired user (block 515). Along with detecting 
interference, a number of interferers (users) can be determined and channel estimates for the 
different users can be computed. 

[0043] With reference now to Figure 6, there is show a detailed view of a process 600 for 
detecting interference in a received signal and computing channel estimations based upon the 
detected interference, according to a preferred embodiment of the present invention. According 
to a preferred embodiment of the present invention, the process 600 can be used for the detection 
of interference and channel estimation based on the interference (block 515 in Figure 5). 

[0044] The process 600 can begin with the generation of a list of possible hypotheses (block 

605). The list of possible hypotheses can be dependent upon the total number of possible 

interferers and possible timing offsets. The number of possible timing offsets may be provided 

by the receiver and computed from the list of non-serving carriers (detectable transmitters 

operating in the area). For example, in a GSM communications system, wherein there is a limit 
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of eight (8) unique training sequences, then the total number of possible interferes is seven (7) 
since one of the eight training sequences is used by the desired transmission. As an example, in a 
case where only up to one interferer is considered with no timing offset, the list of possible 
hypotheses could include: 

Hypothesis #1 - training sequence 1 (the training sequence of the desired 
transmission); 

Hypothesis #2 - training sequence 1 and training sequence 2; 

Hypothesis #3 - training sequence 1 and training sequence 3; 

Hypothesis #4 - training sequence 1 and training sequence 4; 

Hypothesis #5 - training sequence 1 and training sequence 5; 

Hypothesis #6 - training sequence 1 and training sequence 6; 

Hypothesis #7 - training sequence 1 and training sequence 7; and 

Hypothesis #8 - training sequence 1 and training sequence 8. 
Note that it would be possible to consider more than one possible interferer with the result of 
increasing the number of hypotheses to be considered. If timing offsets were considered, then the 
number of hypotheses in the above example could be equal to: 

1 + (the number of training sequences - 1) * (the number of timing offsets), 
wherein the one (1) is the hypothesis for the desired transmission alone. 

[0045] Then, for each hypothesis, an error variance can be computed (block 610). The 
process 600 may be provided with samples of the training sequences from recent bursts received 
by the receiver for use in the computation of the error variance. According to a preferred 
embodiment of the present invention, the joint least square error technique can be used to 
compute both the error variance and the channel estimation. The joint least squares technique is 

TI-36617 -15- 



only one of several techniques that can be used. Other techniques, such as: recursive least 
squares (RLS) and least mean squares (LMS) can be used in place of the joint least squares 
technique. Additionally, iterative channel estimation in which initial channel estimates are used 
to make data decisions (before or after equalization) may be used. Then the data bits can be used 
as virtual pilot symbols to improve the channel estimation in one or more iterations. Note that 
iterative channel estimation can also be used in asynchronous communications systems. In yet 
another channel estimation technique, the entire mid-amble (all 26 bits for a GSM 
communications system) can be used in conjunction with the least squares channel estimation. 
By using more data, performance may be improved. 

[0046] To use the joint least squares technique, first, a vector version of the received signal 
can be expressed as: 

r = Sh + n, 

where h is a column vector containing the channel impulse response with L taps and r and n are 
both column vectors for the received signal and the noise, each containing the number of 
samples, M, used from the mid-amble, which for a GSM communications system is typically 16 
bits. 5 is a circulant matrix formed from the training sequence used by the serving carrier. Let the 
training sequence be denoted as s (with K elements, typically 26), which contains elements that 
are each +1 or -1. The terms of the received signal can also be expressed as: 
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[0047] Let the number of guard bits in the training sequence be P, which for a GSM 

communications system is typically 5 bits. The matrix S can then be expressed as: 
TI-36617 -16- 



5 = 



>p-l+\ 



. S P+M-\ S P+M-2 S P+M-L_\ 



Thus, if L=3, M=16, and P=5, then 5 is a 16x3 sized matrix. The least squares estimate of h can 
be expressed as: 

h = (S H S)' l S H r 9 
where (.) H denotes the Hermitian matrix operation. 

[0048] The joint least squares channel estimates from the sum of two signals with different 
training signals is found by concatenating the h vectors and 5 matrices as shown below. Let hj 
be the channel for the first signal and £2 be the channel for the second signal and Si and S2 be the 
circulant matrices corresponding to the training sequences of the two signals. 



hi 



and S y =[S, S 2 ]. 



[0049] The joint least squares estimate of hj can then be expressed as: 
h J =(S?S J T l S?r. 

Note that for a single signal with 16 samples used from the mid-amble and with a channel length 
of less than or equal to 6, the least squares channel estimate can simplify to: ^ 

h = S"r/l6 

for the eight training sequences used in a GSM communications system (due to the structure of 
the training sequences). Thus for a single signal, a correlation can be used to estimate the 
channel. 
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[0050] 



The sum of the squared errors for a single signal can be expressed as: 



£=||(/-S(s w s)-V)r|\ 



where / is the identity matrix. Similarly, for joint least squares channel estimates, the sum of the 
squared error can be expressed as: 



[0051] Alternatively, the receiver may make use of the channel estimates to reconstruct the 
samples from the M samples of the mid-amble and then subtract from the originally received 
mid-amble to compute the sum of the squared errors. 

[0052] The computed error variances for each of the hypothesis can be compared and then a 
channel estimate for the hypothesis corresponding to the lowest computed error variance can be 
used (block 615). For example, if the computed error variance for Hypothesis #5 was found to be 
the lowest, then the receiver knows that in addition to its desired transmitted signal, a 
transmission using training sequence 5 is also present. This information can then be used to 
compute channel estimates (block 620). 

[0053] With reference back to Figure 5, with the interferes detected (a total of K users, with 
one user being the desired user and ^-1 interferers) and corresponding channel estimates for the 
K users, the process 500 can now extract information from the received signal (block 520). In a 
GSM communications system, a receiver has a single antenna. Therefore, a non-linear multiuser 
detection scheme may be needed. According to a preferred embodiment of the present invention, 
a successive (serial) multiuser detection scheme and a parallel multiuser detection scheme can be 
used to extract information from the received signal. 
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[0054] With reference now to Figure 7a, there is shown a diagram illustrating a process 700 
for successive multiuser detection of a received signal, according to a preferred embodiment of 
the present invention. The process 700 can begin by computing transmitted symbols that can be 
attributable to a user k, {a km } (block 705). Note that the user may be the user transmitting the 

desired signal or one of the interferers. Then, the contribution to the received signal 
corresponding to the user k, (h k *a k ) m , can be constructed (block 710). The contribution to the 

received signal corresponding to user k can then be subtracted from the received signal itself 
(block 715). These operations (blocks 705, 710, and 715) can be repeated for each of the K users. 
After computing the contribution to the received signal corresponding to the user k and 
subtracting it from the received signal for each of the K users, the contributions from all of the 
interfering users may have been subtracted from the received signal and the information 
corresponding to the user transmitting the desired signal can be re-estimated (block 720). 

[0055] With reference now to Figure 8, there is shown a diagram illustratirf| a successive 
multiuser detection circuit 800, according to a preferred embodiment of the present invention. 
According to a preferred embodiment of the present invention, the successive multiuser detection 
circuit 800 can be constructed from multiple iterations of a structure 802 that can be used to 
compute the transmitted symbols for a user fc, {a km } , the contribution of the transmitted symbols 

for user k to the received signal, {h k *a k ) m , and subtracting the contribution of the transmitted 
symbols for user k from the received signal. An equalizer 805 can be used to compute the 
transmitted symbols for a user /c, {a k m } . As input, the equalizer 805 can have the received signal 

minus the contribution of the transmitted symbols from users 1 to M. Note that if k is equal to 1, 
then the input to the equalizer 805 is the received signal. The equalizer 805 can also have as a 
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second input, the channel estimate for user k (block 620 of Figure 6). Note that the equalizer 805 
can be any arbitrary single-user equalizer such as a maximum likelihood sequence estimator 
(MLSE) trellis-based equalizer or one of many different types of decision-feedback equalizers. 
The symbol estimates provided by the equalizers can be soft, hard, or something in between. 
Hence, some type of single-input single-output soft or hard limiter/slicer or non-linear decision 
device may implicitly be a part of the equalizer 805. Note that Figure 8 depicts a single pass of 
successive interference cancellation. In some cases, additional performance gains can be 
obtained by repeating the K or K+l iterations multiple times. For example, to obtain a better 
estimate of the transmitted symbols from the desired user, the K or K+l iterations can be 
repeated. 

[0056] To compute the contribution of the transmitted symbols for user k to the received 
signal, {h k *a k ) m , a convolution unit 810 can be used to convolve the output of the equalizer 805 

with the channel estimate for user fc. The output of the convolution unit 810 can be the 
contribution of the transmitted symbols for user k to the received signal and can be subtracted 
from the received signal by summing point 815. According to a preferred embodiment of the 
present invention, there can be as many copies of the structure 802 in the successive multiuser 
detection circuit 800 as there are expected number of users. For example, in a GSM 
communications system, where there is a limit of eight (8) users, then the successive multiuser 
detection circuit 800 may have eight such structures 802. 

[0057] Output from the K-th structure 802, which is the received signal minus the 
contributions of the transmitted symbols from users 1 to k, can then be summed with contribution 
of the transmitted symbol from user 1 (without loss of generality, it was assumed that user 1 was 
the user transmitting the desired information) by a summing point 820. Output of the summing 
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point 820 can be provided to a final equalizer 825 that can be used to re-estimate the transmitted 
symbols from user 1. Note that the final equalizer 825 may also have as input, the channel 
estimate for user 1. 

[0058] Note that the successive multiuser detection circuit 800 does not use any particular 
detection ordering (it simply performs its operation in sequential order). Some performance 
improvement can be obtained by using some sort of detection ordering. For example, an ordering 

based on channel energy, {\\h k f } . Alternatively, ordering based upon signal to interference ratio 

(SIR) or signal to interference plus noise ratio (SINR) can also be used. If detection ordering is 
used, a total of K iterations may be needed if the desired user is detected last. 

[0059] With reference now to Figure 7b, there is shown a diagram illustrating a process 750 
for parallel multiuser detection of a received signal, according to a preferred embodiment of the 
present invention. The process 750 can begin by applying a set of K matched filters 
(corresponding to the K users) to the received signal, r m , resulting in {y k m \ (block 755). Note 

that since the underlying modulation format of [a k m } is real valued, only the real portion of the 
outputs of the matched filters is needed (block 760). Then, in an initial stage (stage 0), the 
process 750 can generate initial symbol estimates for {a k m } (block 765). Then, for N successive 

stages, the symbol estimates for one of the remaining users can be computed symbol estimates 
from the previous stage and correlations which can be computed from channel estimates (block 
770). 

[0060] The correlation can be computed from the channel estimates using the following 
relation: 
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Note that /?u(0) = 1- Since R kX (S) = fl^ * ((J) , only K(A: + l)/2 correlation functions need to be 
computed. Let y = [y, m • • • ] r and a^ 0 = [a^ • ■ • ] T , where (n) indicates an n-th 
stage. Assuming the presence of K users, it can be shown that: 

K L 



= *(0)a m + +i m 



l=-LJ*0 



/?,,(/) fl u (/) 
R 2 M) /?„(/) 



wherein i m is composed of noise and residual interference that is not modeled above. The second 
term above (y m ) can basically be the total multiuser interference (MUI). Note that the first term 
above (y^m) can be present due to the non-zero off-diagonal components in R(0). 

[0061] For the N successive stages, a decision feedback multiuser equalizer (not shown) can 
be used to compute the symbols estimates. A stage-n multiuser equalizer can perform a forward- 
backward intersymbol interference (ISI) cancellation based upon the previous symbol estimates 
(for each m): 



f=-U*0 
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wherein W (n) is a weighting matrix for stage-n. Note that the choice of W (n) can be arbitrary. For 
example, the weighting matrix can be chosen so that W (n) = u> (n) I with w (n) 6 [0,1] increasing 
with n (that is, w (n) increases as the previous symbol estimates becomes more reliable). The 
operator 3 (n) {.} can be a JT-input AT-output non-linear decision device. This decision device can 
generate fully hard (+/- 1) or soft estimates. For example, it can be a classical linear clipped 
slicer. A preferred implementation of the decision device can be a conditional expectation 
estimator, expressible as: 

£ v . xexp(-±(z - R(0X) T qj (z - *(0)v,)) 

a=3 w w=-H ? -£ 

2>p(-± (z - J?(0)v f - ) r qj (z " *«>»,.)) 

wherein C (n) is a covariance matrix of the residual interference plus the noise at stage-n and 
{v p v 2 ,---,v jr }e {-1,+1}* is a signal constellation. In general, the covariance matrix can be 

modeled as an arbitrary non-negative definite symmetric matrix. However, results of 
experimentation have shown that the off-diagonal terms of the matrix (the cross correlation 
terms) tend to be small. Therefore, in practice, it can be sufficient that the covariance matrix be 
diagonal: C w = diag{a? K \<T?*\... 9 <rl w } . In this case, {<J 2 k (n) } can serve as threshold 
parameters, which can be fixed or computed adaptively (based upon the received signal). Note 
that of 00 decreases with n as symbol estimates become more reliable at the latter stages. 

[0062] The generation of the initial symbol estimates (stage 0 (block 765 (Figure 7b))) 

can be performed by a decision feedback equalizer with its symbol inputs set to zero. Therefore, 

= 3 (0) [y m } . Alternatively, the output of the match filters, {y km } , (block 755 (Figure 7b)) 
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can be applied to a 1 -input 1 -output decision device (such as described above with #=1) on each 
stream. This can be expressed as: 

( (y k , m -» 2 ) { (y*.„+i) 2 l 

eXP r 2o™ " eXP " 2cr 2(0 > fy ^ 

*R ! ) "—A ) k=l,2,;K. 

\ Z °k J ^ LO k ) 

The variance parameters, o\ {n) , can be computed adaptively from the mid-amble data which 

carries the training sequence symbols. The computation can be updated every transmission burst. 
It is desired that the detection process for the mid-amble data and estimate the variance 
parameters at every stage by subtracting the contribution from the known training sequence 
symbols from the input to 3 (n) {.} . In particular, for the initial stage (stage 0), 



[0063] With reference now to Figure 9, there is shown a diagram illustrating a parallel 
multiuser detection circuit 900, according to a preferred embodiment of the present invention. 
According to a preferred embodiment of the present invention, the parallel multiuser detection 
circuit 900 includes a matched filter bank 905, wherein there may be a matched filter 910 for 
each expected user in a received signal. For example, in a GSM communications system, there is 
a limit of eight (8) unique training sequences, which leads to a limit of eight expected users. In 
other communications systems, there can be a different limit on the number of unique training 
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wherein (.) indicates an averaging operation over m within the mid-amble. For stage-n, where 



n = l,2,... f A7: 




sequences and therefore, a parallel multiuser detection circuit used in these communications 
systems can have a different number of matched filters 910. Each matched filter 910 can have 
two inputs, with a first input being the received signal, r m , and a second input being a channel 
estimate for user k, with the resulting output being signal [y k m } . 

[0064] As discussed previously, due to the underlying nature of the modulation format of 
[a km } being real valued, only the real portion of the signal {y km } is needed. The extraction of 

the real portion of the signal {y km } can be accomplished by a real- valued circuit 915. Note that 

outputs from each of the matched filters 910 can be provided to a separate real-valued circuit 
915. Outputs from the real-valued circuits 915 can then be provided to (N+\) decision feedback 
multiuser equalizers. A first decision feedback multiuser equalizer (stage 0) 920 may be used to 
compute the initial estimates of {a k m } ( ) from the outputs of the real- valued circuits 915. 

[0065] Output from the first decision feedback multiuser equalizer 920 ( a^ 0) ) can then be 
provided to a second decision feedback multiuser equalizer 925. In general, output from a stage- 
n decision feedback multiuser equalizer can become input to a stage-(/z+l) decision feedback 
multiuser equalizer. The first decision feedback multiuser equalizer 920 (and subsequent 
decision feedback multiuser equalizers) may also receive as input a correlation, /?, that can be 
computed from channel estimates. The correlation, /?, may be computed from the channel 
estimates by a compute correlation circuit 930 and may be expressed as: 



R(l) = 



*l.l(0 *1.2« 

R 2A (l) R 2>2 (1) 



*ur<0 
R 2tK (l) 



A detailed description of the correlation can be found above. The output of a (jV+1) decision 
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feedback multiuser equalizer 935 can be the desired information, a { m } , transmitted by the desired 
user. 

[0066] With reference back to Figure 5, after the desired information that was transmitted 
by the desired user has been extracted from the received signal (block 520), the process 500 can 
continue to process addition information as further transmission bursts are received. If no further 
transmission bursts are received, the receiver may be placed in a sleep mode to save energy. 

[0067] With reference now to Figure 10, there is shown a diagram illustrating a comparison 
of bit-error rate (BER) versus carrier-to-interference ratio (CIR) for several multiuser detection 
schemes, according to a preferred embodiment of the present invention. A series of curves 
display the BER performance of four different multiuser detection schemes, with a first curve 
1005 representing the performance of a receiver using conventional minimum least square error 
scheme, a second curve 1010 representing the performance of a receiver using a joint minimum 
least square error scheme, a third curve 1015 representing the performance of a receiver using 
successive multiuser detection scheme, and a fourth curve 1020 representing the performance of 
a receiver using parallel multiuser detection scheme. The results show that the successive 
multiuser detection scheme (the third curve 1015) and the parallel multiuser detection scheme 
(the fourth curve 1020) perform nearly as well as the joint minimum least square error scheme 
(the second curve 1010) and measurably better than the conventional minimum least square error 
scheme (the first curve 1005), with gains of more than 1 dB. 

[0068] Although the present invention and its advantages have been described in detail, it 
should be understood that various changes, substitutions and alterations can be made herein 
without departing from the spirit and scope of the invention as defined by the appended claims. 
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[0069] Moreover, the scope of the present application is not intended to be limited to the 
particular embodiments of the process, machine, manufacture, composition of matter, means, 
methods and steps described in the specification. As one of ordinary skill in the art will readily 
appreciate from the disclosure of the present invention, processes, machines, manufacture, 
compositions of matter, means, methods, or steps, presently existing or later to be developed, 
that perform substantially the same function or achieve substantially the same result as the 
corresponding embodiments described herein may be utilized according to the present invention. 
Accordingly, the appended claims are intended to include within their scope such processes, 
machines, manufacture, compositions of matter, means, methods, or steps. 
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